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ABSTRACT

As the service time of the gear increases, its tooth profile could be deviated from its initial design shape and size as
a result of time-varying load, overheating, wear, friction, and other working environmental impacts. Gear backlash
is one of the non-linear parameters of the gear that adversely affects the performance of the transmission system.
Backlash can be introduced deliberately for lubrication and free paly purposes or due to the gear tooth wear
(reduction of the gear tooth thickness). The objective of this paper is to review and encapsulate this literature to
provide a wide and good reference for scholars to be utilized. Assessing the effect of backlash on the dynamics and
flash temperature of the gear is the main target of this review paper.
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INTRODUCTION

Gears play a vital role in the mechanical power transmission system.
They are employed to reduce or multiply the torque for different
applications. Their life will be determined due to different factors,
such as wear, backlash, and amount of load, thermal load, and
fluctuation of the load. These factors have an effect on the dynamic
characteristics of the gearboxes which in turn directly influences
the performance of the system.

Gears may fail due to different internal and external excitations.
The most frequent mode of failure is fatigue, followed by impact
(tensile or shear), and wear (abrasive or adhesive). In an analysis
of over 1500 studies, the three most frequent gear failure modes
were identified to be tooth bending fatigue - 32%, tooth bending
impact - 12 %%, and abrasive tooth wear - 10% [1]. Non-smooth
nonlinearities such as backlash, dead-zone, component failure,
friction, hysteresis, saturation and time delays are common in
industrial control systems. Backlash is a dynamic characteristic
that exists in mechanical couplings such as gear trains, and always
limits the accuracy of servomechanisms and other mechanical
power transmission systems. Dead zone is a static inputoutput
relationship which for a range of input values gives no output;
it also limits system performance. Dead zone characteristics are
often present in amplifiers, motors, hydraulic valves and even in
biomedical actuation systems [2].

Backlash is the gap between gears tooth at the pitch circles. This
distance can be involved in the gears either deliberately or without
any intention due to the manufacturing error and assembly fault.

Backlash is provided deliberately for a different reason and cannot
be designated without consideration of machining conditions. The
general purpose of backlash is to prevent gears from jamming by
making contact on both sides of their teeth simultaneously. It’s
also introduced intentionally for lubricant space and differential
expansion between the gear components and the housing.

Backlash is built into speed reducers to let the gears mesh without
binding and to provide space for an oil film between the teeth. This
prevents overheating and tooth damage. On the other hand, if the
same clearance causes lost motion between the input and output
shafts as a result, it is difficult to achieve an accurate positioning in
equip- ment for those machines or elements that need accuracy very
importantly like robots, machine tools and measuring instruments.
A simple backlash model is shown in Figure 1, which illustrates
the fact that when the difference between the motor and the load
position is smaller than tan (¢), then the two shafts are disengaged
and no torque is applied to the motor or the load [3]. The basic
purpose of designing backlash is to prevent locking the gears, as
well as to prevent coming into contact on both sides of one tooth
simultaneously. A small amount of backlash is desirable to make
the necessary gap for lubrication and partially expansion of gears.
Also, the amount of backlash should not be increased exceedingly,
because the backlash causes high manufacturing costs [3].

Backlash can be introduced in two ways; (1) by reducing the
thickness of the gear and (2) by modifying the center distance
between the gear mates. Backlash due to tooth thickness change is
typically measured along the pitch circle. In this case, either one or
both of the gear mate thickness will be reduced from the designed
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Figure 1: Illustration of backlash.
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value. Figure 2a shows the left side of the gear whose thickness is
reduced. The backlash due to this effect can be expressed as follow:

o=t,~1, M)
The second way to introduce backlash in gear is by modifying the
center distance of the gear, in this case, there is no contact between
pitch circles of the two gears. The contact of the gear teeth exists on
the addendum. The backlash that is created due to modified center
distance is shown in Figure 2b. The thickness of the gear tooth will
decrease from the pitch circle to the top face of the gear. So, there
will be a gap between these teeth again, and this can be expressed
as follows.

D, =2(Ac)ana @

According to ISO/TR 10064-2-1996 [4], the value of minimum
backlash can be ex- pressed in Equation 3. Therefore, the gear
mates should have at least a minimum back- lash value, but the too
large backlash will have another problem on the gear such as the
impact of the gear and vibration.
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Backlash affects the dynamics of the system because it disturbs the
smooth operation of the system. Prajapat GP, et al. [5] investigated
the effect of backlash on the doubly-fed induction generator based
wind turbine. A small amount of backlash is recommended for
smooth operations. If an un-optimized amount of backlash is
involved with gears then the smooth operation will be affected.
In addition to this, the backlash affects the wear rate of the gear
surfaces. Pitting wear is one of the prominent types of wear that
repeatedly occurs on gears. It is the surface failure of the gear
material as a result of stress developed that exceeds the endurance
or fatigue limit of the material. Ghazaly N, et al. [6] investigated
the influence of shaft misalignment and backlash on the stress
generated on the spur gear using FEM. They conclude when the
misalignment angle increases the deformation will increase, while
the stress generated at contact and root areas decreases. Scuffing
or scoring is a failure mode of gears when there is direct contact
between the gear mates [7]. To prevent these contacts some small
gaps or backlash should be provided initially so that the lubricant
will have space to separate a direct asperity to asperity contacts of
the gear mates. Many researchers have done a lot on it, and the
minimum oil film thickness should be revealed to enhance the
performance of the gear. When the gears are in contact, only a
certain portion of the surface area will be in contact. The gears
without the load have a line contact but when the load increases
this line will change into a small area. The machine elements such
as spherical bearings and gears have elliptical contact [8]. Gear
systems or gear trains tend to play a very vital role in all industries
and our day-to-day life, any failure to the gear system leads to total
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system failure. Pitting and tooth breakage is the most mode of
failures of the gear. Pitting is a major cause of gear failure accounting
for nearly 60% of the gear failures [9]. Pitting is the formation of
craters on the gear tooth surface. These craters are formed due to
the high amount of compressive contact stresses in the gear surface
occurring during transmission of the torque or in simple terms due
to compressive fa- tigue on the gear tooth surface [10]. Pitting and
scuffing of a gear tooth appearance are shown in Figure 3.

Liang X, et al. [10] reviewed on dynamic modeling of a gearbox
fault and they mention that gear tooth pitting is the most common
failure mode of gears. The main cause of tooth pitting or spalling
which is a large pit formed when the pits are joined together
are subsurface cracks caused by foreign or inclusions in the gear
materials, metal to metal contact of asperities, or defects due to low
lubricant film thickness and foreign particle contamination of the
lubricant.

Metal to metal contacts will occur when the oil film is broken;
the reason for oil film breaking is low viscosity of the lubricant
at the beginning or high flash temperature of the gear. The
high temperature will reduce the viscosity of the lubricant and
then when the gear rotates it will splash easily and break down.
Therefore, pitting will occur. Conjugate action of gear teeth in
mesh consists primarily of sliding and rolling motions. At the pitch
line, sliding velocity is zero; however, sliding velocity increases
when the conjugated tooth contact line travels away from the pitch
line in both directions. Heat is generated by sliding friction of
tooth surfaces. The temperature distribution is proportional to the
distribution of contact pressure and sliding velocity. Taburdagitan
M, et al. [11] studied the determination of surface temperature
rise with thermo elastic analysis of spur gears, and they found that
the surface temperature rises on spur gear teeth pair along the
pressure line are highest at the very beginning of the meshing and
the surface temperatures at the initial contacts can be decreased
by profile modification at the tip of the tooth. The low contact
temperature of the optimized design can significantly contribute
to preventing tooth surface damage under “nolubricant” operating

conditions was done by Wink CH, et al. [12].

In this paper, the research review has been made by categorizing
into two parts,

(1) Research review on the effect and advantages of the
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Figure 2: Backlash due to (a) tooth thickness modification and (b
distance modification.
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Figure 3: Gear tooth surface (a) pitting and (b) spall [7].
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backlash of the gear and (2) research review on the flash
temperature of the gear. The reviews are presented in the
following subsections.

RESEARCH REVIEW

The backlash of the gear

In industrial drives, elements like gearboxes and flexible couplings
introduce back- lash. For instance, a commonly used flexible
coupling gives a backlash of about 10 degrees that can be partly
filled with rubber [2]. Papageorgiou D, et al. [3] estimated the
backlash for the industrial drivetrain system. Backlash plays an
important function in many systems and it is one of the most
important nonlinearities that limit the performance of speed and
position control in industrial, robotics, automotive, automation,
and other applications [13].

Observing the effect of backlash on friction, Lichtsinder A, etal. [14]
concluded that when the backlash gap is decreased by mechanical
means, friction is generally increased, and vice versa. Hence, there
is a lower bound to all possible friction- backlash combinations
defining a Feasibility Area. The gear transmission system is one of
the most important components of the mechanical system. Gear
systems are widely used in various power transmission applications
due to their distinguished merits of the accurate transmission
ratio, large power range, high transmission efficiency and stable
operation quality [15,16]. Lagerber A, et al. [17] conducted
experimental validation for backlash estimation in the automotive
power train. Merzouki R, et al. [18] did the same thing to estimate
the backlash for electromechanical actuators. Ravanbod-Shirazi L,
et al. [19] proposed a new approach for estimating the backlash
amplitude, characterized by dead zone model identification is
achieved in two main steps. In the first step, a pre- estimation of
the backlash amplitude is performed based on the existing physical
relation between the amplitude of the backlash, instant of com-
mutation, the motor and the load speeds. In the second step, a
least-square criterion based on the model of the motor speed (non-
linear regression model) is minimized around the pre-estimation.
The comparison between the backlash identification made by this
approach and an approach that doesn’t use the pre-estimation
illustrates that the first method is considered advantageous.

Nordin M, et al. [2] proposed a new model for an inertia free elastic
shaft with internal damping connected to a backlash. They found
that the new model gives a negligible torque error in comparison
with the exact torque solution. Dyaneshwar S, et al. [20] studied the
effect of backlash on bending stresses in spur gears. They found that
as the backlash increases the maximum von Mises stress increases
slightly initially and after that, it increases very much and after that,
it nearly remains constant. Also, the maximum deflection is nearly
proportional to the backlash. Ambaye AG, et al. [21] investigated
the effect of backlash on the dynamics of the spur gear using MC
ADAMS software. They fund that the angular acceleration of the
gear decreases as the load imposed on the gear increases. This shows
that, though two gears have the size of backlash, their vibration
level is a function of the size of the imposed load. In addition,
the contact force components of the gear along the tangential and
radial direction increased slightly as the backlash increased.

Ambaye AG, et al. [22] analysed the nonlinear oscillations in spur
gear pairs with approximated modeling of backlash nonlinearity.
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Backlash is included as a displacement-type nonlinear function
and approximated with a third-order polynomial of DTE as a cubic
nonlinearity. Moradi H, et al. [23] investigated how the backlash
affects the performance of the gears based on the factorial theory.
In order to get a reasonable and precise dynamic analytic result,
the fractal theory is employed here to express the backlash instead
of the existed way of setting backlash as a fixed value or a steady
random number that meets the normal distribution.

Three methods of gear backlash evaluation, i.e (1) fractal, (2) fixed
value and (3) normal distribution methods were compared and
clearly concluded that the fractal method is more effective and
reasonable than the latter two ways because they both have the
shortcoming of missing to reflect the influence by the changing
backlash. Therefore, the normal distribution method can’t get the
unique answer when the average backlash is set, while the fractal
method doesn’t have these drawbacks.

Chen Q, etal. [24] developed an algorithm to minimize or eliminate
the effect of back- lash on the accuracy of the motion of the gear.
The algorithm is formulated using a rotating coordinate system and
can produce backlash-free motions for a wide range of geometrical
paths including those with very sharp edges. Lotfi B, et al. [25]
investigated the dynamics of a two-stage gear system involving
backlash and time dependent mesh stiffness. Gear contact is
characterized by a periodically changing stiffness and a backlash
which can lead to loss of the contact. The nonlinear dynamic
response of the system is studied using a linearization technique,
which decomposes the nonlinear system into some linear systems
satisfying some conditions. For low rotational speeds, the system is
characterized by a discontinuity of movement which is due to the
discontinuous transfer of the kinetic energy from the input wheel
to the output receiving wheel. V" or " os

Walha L, et al. [26] developed a new analytic form of backlash
characteristic description. The backlash parameters in the model
equation are separated; hence their estimation can be solved as
a quasi-linear problem using an iterative method with internal
variable estimation. Also, the identification of cascaded systems
consisting of an input backlash followed by a linear dynamic system
is presented. Simulation studies of backlash and cascaded systems
identification are included. ] Voros [27] studied the torsional
vibrations of wind turbine gearbox having two planetary gear
stages and one parallel gear stage. The nonlinear dynamic model
developed considers factors such as timewvarying mesh stiffness,
damping, and static transmission error and gear backlash. Dynamic
responses of internal components in the gearbox were predicted
with the variations of factors such as the Static Transmission
Error (STE), mean-to-alternating force ratio and mesh stiffness
ratio, adjusted for parametric studies. The increase of the external
excitation fluctuation would lead to a large magnitude variation
for gearbox components. In addition, compared to the static
transmission error, the mesh stiffness was found to have more
effect on the torsional vibrations of gearbox components. This is
because an increase of the fluctuating mesh stiffness could change
the dynamic responses significantly.

Zhao M, et al. [28] developed the newest designs of worm gear
drives which allow us to adjust or decrease the amount of
backlash. Results of numerical research performed with the finite
element method and also the results of experimental research on
the innovative worm gear drive with an axially adaptive worm.
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The results analysis has led to the conclusion that the described
solutions allow reduction of backlash to percent, an even greater
reduction of its standard deviation - thatis 5 - 10 % of their initial
values. Kacalak W, et al. [29] concluded that the reduction of gear
rattle noise level can be achieved by avoiding meshing impacts,
e.g. by minimizing the traction coefficient of the gear oil or high
lubrication film thickness at the gear mesh. In addition to this
Fernandez Del Rincon et al. [31] showed the effect of lubricant
entrance in the contact area plays a decisive role in the dynamic
behaviour. An experiment was also conducted on helical gear pairs
from an automotive gearbox in the “idle gear rattle” condition by
varying the lubrication mechanism by Russo R, et al. [32] to reveal
the effect of lubrication on gear rattling.

The flash temperature of the gear

Friction will occur when two or more bodies come in contact and
having a relative motion. Friction can be generated due to different
mechanisms such as when one body tries to make sliding, pure
rolling, or rolling/sliding motion over the other. The mechanical
energy due to the friction will be converted to heat energy and this
cause increasing the temperature of the bodies that are in dynamic
motion. Kennedy Jr FE, et al. [33] investigated that almost 95% of
energy dissipation occurs due to friction that has 5 pm roughness
amplitude. When there is a substantial sliding between lubricated
rolling gears, excessive temperature will be generated and this in
turn breaks down the oil film. After that, the asperities of the rolling
elements or gear will come in contact and then if they cannot carry
the load they will be deformed plastically. This will facilitate the wear
and the wear rate becomes rapid as the load continuously increases.
This kind of phenomenon is called scuffing, and the best possible
way remedy this failure is just minimizing the working temperature
as well as the flash temperature of the rolling bodies. Townsend
DP, et al. [34] shows that the gear can fail by scuffing at the tip and
root areas of gear by taking a medium hardened spur gear. There
is a sliding motion at the tip and roots of gears rather than having
a rolling motion, there is high friction at those locations and then
the temperature will rise and the oil film thickness will break down
then the gear will fail by scuffing.

Srirattayawong S, et al. [35] studied the surface roughness effects on
the fluid flow between two rotating cylinders, and they concluded
that thermal effects play an important role in the viscosity of the
lubricant, as the viscosity decreases when the temperature increases.
In addition, the influence of surface roughness is increased when
the temperature increases due to the reduction in viscosity. Li S, et
al. [36] investigated the effect of load, surface roughness, lubricant
viscosity on the flash temperature. Based on their results they
concluded that the flash temperature will increase as the torque
increase. In addition, the vibration motion also influences the
flash temperature not only on Line of Action (LOA), it also affects
Out of Line of Action (OLOA). Wang Y, et al. [37] developed a
computer analysis of involute spur gear to anticipate the variation
of dynamic load, surface temperature and lubricant film thickness
along the line of action when the gear tooth has meshed. They
didn’t couple the above analysis together, rather they analysed the
dynamic load analysis independently and oil film thickness, flash
temperature, bulk temperature are done by an iterative method.
Elasto Hydrodynamic Lubrication (EHL) can be defined as a form
of hydrodynamic lubrication where the elastic deformation of the
contacting bodies and the changes of viscosity with pressure play
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fundamental roles. A substantial amount of work was devoted to
resolving elasto hydrodynamics and the first realistic model which
provided an albeit approximate solution for elastohydrodynamic
film thickness was proposed by Ertel and Grubin. Hua and his
colleges investigated the effect of gear ratio and module on the
film thick- ness and pressure of the gear by employing EHL theory.
They concluded that as the gear ratio increase, the central oil film
thickness increases markedly at the recess end, but they found
that there is only a very small reduction at the approach end. In
addition, if the module is doubled without changing the gear size,
the oil film thickness would decrease slightly at the recess end of

the gear [37].

Surface conjunction temperature is the temperature at the interface
of two contact and mutually sliding solid objects. For any specific
part of the sliding surface, frictional temperature rises are very short
duration and the temperature generated is called flash temperature,
it was originally formulated by Blok in 1937 and developed further
by Jaeger in 1944 and Archard in 1958. According to Blok, Jaeger
and Archard’s theory, the flash temperature is the temperature rise
above the temperature of the solids entering the contact which is
called the bulk temperature. The maximum contact temperature ()
is the sum of bulk temperature (T') and maximum flash temperature
(Tfmax ) expressed as:

T =T+T,,_ . 4

Depending on the velocities of the rotating elements or gears the
flash temperature will be calculated in different equations. A non-
dimensional measure of the speed at which the ‘heat source’ moves
across the surface called the ‘Peclet number’ has been introduced
as a criterion allowing the differentiation between various speed
regimes. The Peclet number is an indicator of the heat penetration
into the bulk of the contacting solid, i.e. it describes whether
there is sufficient time for the surface temperature distribution
of the contact to diffuse into the stationary solid. A higher Peclet
number indicates a higher surface velocity for constant material
characteristics. Flash temperature equations are given in terms of
the heat supply over the contact area, the velocity, and the thermal
properties of the material. They are applicable in many practical
cases such as gears, roller bearings, cutting tools and others.

The critical surface temperature of the gear for scoring lies
between 443 K and 447 K under the conditions of tooth material
and lubricant used. The scoring resistance of gears can be
accurately estimated by evaluating the critical surface temperature.
Scoring resistance of the gear may be affected by the quantity of
lubricant, thermal and mechanical properties of the gear material,
geometrical errors and surface roughness of the gear, and dynamic
load. Abel PB, et al. [38] have researched the effect of tooth profile
modification of the scoring resistance of spur gears, and they draw
the following conclusions:

¢ Small modification of addendum will significantly affect
the scoring resistance of the gear.

¢ The scoring resistance of gears can be accurately estimated
by evaluating the critical surface temperature.

Dhanasekaran S, et al. [40] conducted research on gear tooth
wear in sintered spur gears under dry running conditions, they
revealed that the maximum wear has occurred in the dedendum
and addendum regions even though the gear wear depends
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on the material hardness and strength of the gear material. In
addition, Walton D and Walton D, et al. [41] also work on the
wear of unlubricated metallic spur gear and they draw the following
conclusion, temperature measurements of the gear bulk body
revealed an almost linear increase with speed up to about 500 rev/
min, where the temperatures of the driver and driven were almost
equal.

A 2D coupled thermoselastic analysis has been carried out by
Taburdagitan M, et al. [11], to investigate the tooth surface
temperature rise of the spur gears. They consider heat generation
from the contact tooth pairs in addition to load sharing between
contacting tooth pairs and elastic deformation. As the friction
coefficient and load increase, the tooth contact also increases so
that the tooth surface scuffing will be highly probably caused by
high tooth contact temperature [42]. To minimize the contact
temperature either the load or frictional coefficient should
be minimized, when the gear is subjected to a high load the
frictional coefficient should be minimized. Dong HL, et al. [43]
Studied on temperature analysis of involute gear based on mixed
elastohydrodynamic lubrication theory considering tribodynamic
behaviors. They concluded that the surface of the pinion has a
higher temperature in the approaching stage compared with that
of the wheel while this is reversed after the pitch point and the
temperatures at two ends of the gear tooth width are obviously
higher than that in the middle part due to the stress concentration.
The film temperature in the mid-layer is much higher than the
temperature on the surfaces. For heavyload gear systems, the
temperature of the film center is much higher than that of two
boundaries. The temperature of the boundary increases until
close to the outlet and then slightly decreases. The distribution
of maxi- mum flash temperature and minimum film thickness
is respective consistent with that of Blok flash temperature and
thickness of Dowson in the meshing cycle. The flash temperature
from transient thermal elastohydrodynamic lubrication, TEHL is
higher in the dedendum region and lower in the addendum region

compared to that from Blok theory [8,44-45].

Luo B, et al. [46] studied the influence factors on the bulk
temperature field of gear using parametric design APDL. Tooth
profile modification will affect the distribution of the bulk
temperature field; therefore, the bulk temperature can be reduced
by the tooth profile modification in addition to this they also
conclude that the initial temperature of the lubricant oil will
determine the bulk temperature.

If the initial temperature of the lubricant is high, then the bulk
temperature of the gear also high. This concept is supported by,
Taburdagitan M, et al. [11] conducted an experiment and numerical
analysis of spur gear, they saw that the numerical results found by
FEA are relatively higher than that of the experimental results. This
is because splashing lubricated conditions and the coefficient of
friction may not be constant as an assumed constant in the FEA.

CONCLUSION

In this paper, the performances of gear related to the backlash have
been reviewed. Backlash is important for the smooth operation
of gears. In addition, gear life is limited due to loading and
operational conditions. When the gear pairs transmit a load the
heat is generated due to friction, and this heat alters the material
property of the gear mates, the pitting and scuffing will occur
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during this time and the gear tooth faces is worn out.

The gear should be designed with optimum backlashes and tooth
profile should be manufactured based on the design. Assembly
error should be minimized or removed be- cause the assembly
error may cause an unwanted backlash due to deviation of center
distance where it is supposed to be. In addition, when the gear
tooth faces are worn out it should be removed immediately because
the transmission error is increased drastically, this will cause severe
vibration and failure of the components that mounted on it or the
mechanical elements found nearby.
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